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Abstract 
Finite element models of wood baseball bats are a valuable tool to explore the relationship between bat profile and bat durability.  However, for 
such finite element models to be credible, the material models must capture the mechanical response of the wood under consideration.  In the 
current research, a comprehensive experimental program was conducted to characterize the mechanical behavior of maple and ash woods for 
the range of densities used to make major-league quality baseball bats.  The test program included (1) four-point bend testing to determine 
elastic moduli and strength and (2) Charpy testing to determine strain to failure as a function of strain rate and wood density.  The material 
parameters were subsequently calibrated by completing finite element simulations of the Charpy tests in LS-DYNA using the MAT_WOOD 
material model.  This paper describes the experimental characterization program used to determine material parameters of maple and ash wood 
species for use in finite element simulations of wood baseball bats. 
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1. Introduction 
In 2008, Major League Baseball commissioned a team of experts comprised of wood scientists and bat performance test 
engineers to investigate options for reducing the rate of bats breaking during games.  While there were no data to support if there 
was an ever increasing rate of bats breaking into multiple pieces during games, there was such a perception by the league and by 
the fans.  To develop a baseline on the rate of bat breakage, MLB completed a two-week collection of broken bats during August 
2008.  During the subsequent years, season-long collections have been completed to track the breakage trends throughout each 
season and from season to season.  These data have guided changes to the Wooden Baseball Bat Standards (WBBS) to assist in 
reducing the breakage rate through improved wood quality requirements. 
To complement the wood bat collections, research efforts have been pursued to explore how finite element modeling can 
assist in understanding how bat profile and wood quality relate to bat durability [1,2].  These finite models have been found to be 
valuable tools for providing insight into the mechanical response of wood baseball bats over a range of impact speeds.  However, 
the description of the material properties to date has been limited to what can be extracted from quasi-static four-point bend 
testing.  These quasi-static test programs were completed at the USDA Forrest Product Labs (FPL) and have documented the 
Modulus of Elasticity (MOE) and Modulus of Rupture (MOR) for ash, maple and yellow birch as a function of wood density.  To 
further improve the level of correlation between finite element models and real bat/ball impacts, the material behavior for these 
wood species must also be characterized at strain rates comparable to those experienced during game-condition bat/ball 
collisions.  
In the current research, Charpy Impact testing of ash and maple was completed to characterize the high strain-rate behavior 
of these wood species. By following the testing methodologies that were used by the Federal Highway Administration [3] to 
characterize southern yellow pine and applying them to maple and ash, the current high-speed testing will characterize the 
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material behavior of the wood species further than is currently available. Once characterized, the resulting material properties can 
be prescribed in the *MAT_WOOD (Material Model 143) in LS-DYNA [4,5] for use in the finite element analyses of bat/ball 
impacts. Table 1 lists the material parameters that need to be prescribed in *MAT_WOOD for cards 1 through 4.  The values 
presented here are for 0.025 lb/in3 (691.9 Kg/m3) maple as determined in the current characterization research.  The default 
values were used for cards 5 through 9 [5].  All entries are in inch-pound-seconds because these are the units used in U.S. 
baseball.   
 
Table 1: MAT_WOOD inputs (in-lb-sec) for maple with a density of (0.025 lb/in3 =  6.47x10-5 blobs/in3 = 691.9 Kg/m3) 
Card 1 1 2 3 4 5 6 7 8 
Variable MID RO NPLOT ITERS IRATE GHARD IFAIL IVOL 
Values A8 6.47E-05 1 0 0 0 0 1 
Card 2 1 2 3 4 5 6 7 8 
Variable EL ET GLT GTR PR       
Values 2.28E+06 148070 252858 80642 0.476       
Card 3 1 2 3 4 5 6 7 8 
Variable XT XC YT YC SXY SYZ     
Values 22513 11227 2163 2107 3341 4677     
Card 4 1 2 3 4 5 6 7 8 
Variable GF1|| GF2|| BFIT DMAX|| GF1┴ GF2┴ DFIT DMAX┴ 
Values 430 2000 30 0.9999 430 1500 30 0.99 
   
The combination of the quasi-static test data from FPL and the Charpy test data contribute to a full characterization of the 
mechanical behavior of these wood species. In addition to the mechanical testing data from FPL and the Charpy programs, past 
test data for maple and ash bats in the ADC Bat Durability Testing System [1,2] along with properties taken from the Wood 
Handbook [6] will be utilized to further corroborate and refine wood properties. Once these studies are completed and a level of 
confidence in the material parameter inputs is established, the finite element modeling can be used to provide scientifically 
defensible arguments for the proposing further changes to the WBBS where these changes can potentially improve bat durability 
while being essentially transparent to players as to what they have come to expect in bat feel and performance..  
2. Wood mechanical testing 
To develop the material characterization of maple and ash wood species, quasi-static and dynamic material testing was 
conducted. Four-point bend testing of wood dowels was explored to develop an understanding of the relationship between wood 
density, MOE, and MOR (failure stress). Charpy Impact testing was conducted to characterize wood behavior during dynamic 
impact.  
2.1. Existing test data 
 In 2009, four-point bend testing of ash and maple dowels was completed at the FPL in Madison, WI [7]. The dowels were 
characterized to determine how the MOE and MOR vary over a range of densities for ash and maple. The density range tested 
was chosen to correspond to the range of densities used to manufacture major-league baseball bats. Figure 1 shows MOE-density 
and MOR-density results for the ash and maple dowel material testing with slope of grain (SoG) angles within ±3o, which is the 
current range of SoGs that is allowed for the manufacture of the baseball bats used by major-league players. These test data 
provide a basis for determining the respective MOEs of ash and maple as a function of wood density. It is clear from the results 
that the MOE of each of the wood species increases with increasing density. The same is true with regards to the strength of each 
of the woods, i.e. MOR increases with increasing wood density.  
2.2. Dynamic high-rate material testing 
 Wood is a viscoelastic material.  Thus, for modelling bat/ball impacts, its mechanical behaviour should be characterized at 
the strain rates that occur during a game.   The high strain-rate material testing utilized in this study was the Charpy Impact test.    
A standard Charpy test involves the use of a pendulum swinging a hammer to impact a specimen of known geometry [8].  The 
height that the pendulum reaches at the end of the swing is recorded on a calibrated scale, and this height is used to determine the 
energy required to break the test specimen. Thus, the only direct output of the Charpy test is the energy that was required to 
break the sample.  Because the strain-rate needed to be known for each test, high-speed video was used to capture the event.  The 
video was subsequently postprocessed to measure the maximum deflection of the sample during impact. Once max deflection 
was known, the strain-to-failure of the sample was calculated. Post-testing analyses were performed to determine the effect of 
wood density and SoG on the Charpy failure energy, max deflection, and strain-to-failure. 
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Figure 1: Test results for ash and maple dowel Modulus of Elasticity (MOE) and Modulus of Rupture (MOR) with slope of grain angles less than 3o. 
2.2.1. Sample preparation 
 Samples were made from wood that spanned a range of major-league bat densities from 608.9-747.4 Kg/m3 (0.022-
0.029 lb/in3). Wood samples were cut to a square cross-section geometry within the limits as specified by the ASTM Standard 
D6110-10. Standard Test Method for Determining the Charpy Impact Resistance of Notched Specimens of Plastics , i.e. 12.7 cm 
(5.0 in.) x 1.27 cm (0.5 in.) x 1.27 cm (0.5 in.) (length x width x thickness) [8]. Samples were conditioned for a minimum of two 
weeks at 21ºC (70ºF) and 50% relative humidity prior to testing to ensure a consistent moisture content among the samples. 
These conditions typically result in a wood moisture content of ~10%.  For this testing, samples were left un-notched for the 
purpose of analysing how the solid wood geometry, which is similar to a baseball bat in that a bat would not be used if cracked, 
responds during a standard Charpy test.  Figure 2 depicts how samples were cut from wood blocks for use in testing.  The edge 
(radial) and face (tangential) SoGs were measured for each sample. Figure 3 shows an example of how slope of grain was 
measured on the samples.  
 
Figure 2: Sample selection process 
 
 
 
Figure 3: Radial slope-of-grain measurement.  Lower line is collinear with the centreline of the bat axis/wood sample.   
Upper line is along the wood grain.  The included angle is the SoG. 
2.2.2. Test procedure 
Charpy Impact testing is used to determine the resistance of a material to breakage by flexural shock that is induced by a 
pendulum of specified weight to break a test specimen with a single swing. The output of the test is the energy required to break 
a specimen of specified size. A photograph of a typical Charpy Impact test is presented in Figure 4.  Samples were impacted with 
a 13.56 N-m (10 ft-lb) hammer on the edge grain or the face grain to determine the effect of edge vs. face grain impact within 
each wood species. Currently, the WBBS require that ash bats be impacted with the edge grain face and maple bats be impacted 
on the face grain.  The defense for these respective orientations is that these respective faces give the best resistance to breaking 
for each wood.  
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Figure 4: Charpy testing. (a) typical test setup and (b) Example of wood specimen fracture during test 
2.2.3. Analysis 
The information available from the Charpy tests were the energy required to break the sample and the high-speed video. The 
failure energy of each sample was directly read from the Charpy impact tester dial, which indicates the loss of energy of the 
pendulum due to breakage of the sample. ImageJ was used to examine the high-speed video and to determine the maximum 
deflection. The images were calibrated by measuring a point on the non-impact side of the sample before impact, and then 
measuring the same point directly before failure occurs. An example of this process is presented in Figure 5 with the image on 
the left being the starting position of the point and image on the right showing the same point directly before failure occurs. 
Using the standard deflection equation for three-point bending in beam theory, the strain to failure can be calculated using,  
 
ߝ ൌ ଵଶ௬ఋ௅మ                                           (1) 
 
where L = effective length of specimen between the supports, G = max deflection, and y = half-thickness.  The slenderness ratio 
of the samples is such that bending stress is the dominant stress during the test, i.e. shear is negligible in comparison to the 
bending stress.  
 
Figure 5: Max Deflection Measurement 
 
2.2.4. Results 
The results of the Charpy testing are presented in Table 2. The results show that maple exhibited the lower failure energy, 
lower max-deflection and lower strain-to-failure for both edge- and flat-grain loading relative to ash. Maple performed better 
when loaded in the face-grain direction compared to the edge-grain lading of maple. This difference was expected because maple 
is known to perform better when impacted on the face grain compared to impacts on the edge grain for baseball bats. Ash 
performed better for deflection and strain-to-failure when impacted on the edge grain, but it had superior failure energy when 
impacted on the face grain. From a strain-to-failure perspective, the ash samples performed better when impacted in edge-grain 
loading which is consistent with the preferred impact face of ash bats. 
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 Table 2: Summary of average values for Charpy Impact testing   
Species 
Impact 
Surface 
Number of  
Samples 
Energy  
N-m  
(ft-lbf) 
Max Deflection  
cm 
(in) 
Strain to 
failure 
Ash edge 23 
8.79 
(6.48) 
0.378 
(0.149) 
0.0267 
Ash face 15 
9.75 
(7.19) 
0.371 
(0.146) 
0.0259 
Maple edge 21 
8.54 
(6.30) 
0.335 
(0.132) 
0.0236 
Maple face 33 
8.69 
(6.41) 
0.356 
(0.140) 
0.0250 
2.2.4.1. Density 
Some distinct trends and differences were noted amongst the data for each of the wood species as a function density.  For 
both species, the Charpy failure energy increased with increasing density. For the maple sample set, this trend with respect to 
density was also true with regard to the strain-to-failure as can be seen in Figure 6 for maple samples impacted face-grain.  While 
there is wide scatter in the data, it can be seen in this figure that the strain-to-failure increases with increasing density.  For the 
ash sample sets, the strain-to-failure exhibited a flat response with respect to density.  This lack of a trend of increasing strain-to-
failure with increasing density is a concern.  The lack of a trend may be a consequence of the wide scatter in the data.  Thus, 
rather than share the data at this time, the authors plan to do more testing of ash before making any definitive conclusions.   
 
 
Figure 6: Strain-to-failure for maple samples impacted on the face grain 
2.2.4.2. Slope of grain 
The data were next examined for SoG.  Figure 7 is Figure 6 where the data have been classified in SoG classes as denoted by 
the legend in Figure 7.  Recall that all wood used in major-league bats, must exhibit a SoG within ±3o.  The data that are 
presented in Figure 7 do not show a clear relationship of increasing strain-to-failure with decreasing SoG.  Thus, the results 
suggest that density has a much greater effect on the impact failure properties of the wood than SoG. Once the wood has begun to 
fracture, however, SoG plays a large role in the crack propagation of the wood. This phenomenon is highlighted in Figure 8 
which shows three different failure modes of wood samples from each of the three classes of SoG that were examined using the 
Charpy test. 
 
 
Figure 7: Strain-to-failure of maple sample impacted on the face grain 
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Figure 8: Charpy samples of varying SoG (a) SoG<1o (b) 1o<SoG<3o (c) SoG>3o 
 
Figure 8 shows the fracture response as a function of SoG.  In Figure 8(a), the sample has not completely fractured through 
the width and the fracture surface is indicative of brash wood failure. In comparison, the sample in Figure 8(b) exhibits more 
splintering of the wood at the fracture site while also not completely splitting through the width. Figure 8(c) shows a high SoG 
specimen that split along the grain line during impact, thereby resulting in the formation of sharp edges on the fracture surface. 
This failure propagation behaviour is important to consider when discussing the issue of broken bats during gameplay as high 
SoG wood is more likely to fail in a multi-piece fashion. 
3. Conclusions 
The following conclusions may be drawn from the results of the mechanical testing performed. 
x MOE and MOR increase with increasing wood density for maple and ash wood species. 
x Failure energy increases with increasing density for maple and ash wood species. 
x Strain-to-failure increases with increasing density for maple.  At this time, the same cannot be made for ash. 
x On average, ash samples exhibit higher failure energy than maple samples. 
x On average, ash samples exhibit a greater strain-to-failure than maple samples. 
x Ash exhibits a higher strain-to-failure in edge-grain loading in comparison to face-grain loading. 
x Maple exhibits a higher strain-to-failure in face-grain loading in comparison to edge-grain loading. 
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